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We report here the ﬁrst evidence of vertical transmission of Aedes ﬂavivirus (AEFV) and its ﬁrst
isolation in the Western Hemisphere. AEFV strain SPFLD-MO-2011-MP6 was isolated in C6/36 cells
from a pool of male Aedes albopictus mosquitoes that were reared to adults from larvae collected in
southwest Missouri, USA, in 2011. Electron micrographs of the virus showed virions of approximately
45 nm in diameter with morphological characteristics associated with ﬂaviviruses. The genomic
sequence demonstrated that AEFV-SPFLD-MO-2011-MP6 shares a high degree of nucleotide and amino
acid sequence identity with the AEFV Narita-21 strain, isolated in Japan in 2003. Intracerebral
inoculation of newborn mice with the virus failed to produce observable illness or death and the virus
did not replicate in vertebrate cells, consistent with a lack of vertebrate host range.
& 2013 Published by Elsevier Inc.Introduction
Aedes ﬂavivirus (AEFV), a member of the genus Flavivirus,
family Flaviviradae, was ﬁrst isolated from Aedes (Stegomyia)
albopictus and A. (Stegomyia) ﬂavopictus mosquitoes collected
during 2003 and 2004 in Japan (Hoshino et al., 2009). AEFV is
an insect-speciﬁc virus with no known vertebrate host; it groups
closely to Kamiti River (KRV) and cell fusing agent viruses (CFAV)
in an outlying genetic lineage within the genus Flavivirus (Cook
et al., 2012; Hoshino et al., 2009). Since the ﬁrst isolation of CFAV
in 1974, 21 presumed or suspected insect-speciﬁc ﬂaviviruses
have been isolated and/or sequenced from mosquitoes or mos-
quito derived cell lines as reported in the literature (Table 1).
Here, we report the isolation and complete viral RNA genomic
sequence of AEFV from male A. albopictus mosquitoes collected in
Missouri, USA, in 2011. To our knowledge this is the ﬁrst evidence
for vertical transmission of AEFV in mosquitoes and the ﬁrst
isolation of AEFV in the Western Hemisphere.Elsevier Inc.
ow).Results and discussion
Sixteen homogenized pools of adult A. albopictus mosquitoes
reared from larvae collected in Springﬁeld, Missouri, USA, were
simultaneously inoculated into cultures of C6/36 and Vero cells.
Cytopathic effects (CPE), including cell aggregation, cellular
deformation, and cellular detachment from the monolayer, were
initially observed in a single culture of C6/36 cells on day 7 post
inoculation (Table 2). In contrast, no CPE were observed in the
corresponding Vero cell culture, inoculated with the same mos-
quito homogenate. Similar CPE were also observed in two sub-
sequent passages (passages two and three) of C6/36 culture
supernatant from the preceding culture (passage one). Vero
cells inoculated with the third passage of C6/36 cell supernatant
failed to display CPE. Likewise, no illness or death was observed
in newborn mice following intracerebral inoculation with cell
culture supernatant harvested from the third C6/36 passage.
All other mosquito pools tested were negative for CPE in both
C6/36 and Vero cell cultures (Table 2).
Transmission electron microscopy performed on infected
C6/36 cells (passage three) revealed the presence of distinct
virus-like structures in the cytoplasm (Fig. 1). Virus particles,
Table 1
Reported, tentative, and suspected insect-speciﬁc ﬂaviviruses.
Virus designation
Mosquito species in which
detected
Geographic distribution
(year of ﬁrst isolation or detection)
Evidence of
vertical
transmissiona
References
Aedes cinereus
ﬂavivirus
Aedes cinereus
United Kingdom (2010) Calzolari et al. (2012)
Aedes galloisi
ﬂavivirus (AGFV)
A. galloisi
Japan (2003) Hoshino et al. (2012)
Aedes ﬂavivirus
(AEFV)
A. albopictus and A.
ﬂavopictus
Japan (2003); Italy (ca. 2008); Missouri,
USA (2011)
Yes
Calzolari et al. (2012); Hoshino et al. (2009)
(This report)
Aedes vexans
ﬂavivirus
(AeveFV)
A. vexans
Czech Republic (ca. 2008); Italy (ca. 2008) Calzolari et al. (2012)
Barkedji Not reported Not reported Dupressoir et al. (2008)
Calbertado
(CLBOV)
Culex tarsalis, C. pipiens Alberta, Canada (2003); California, USA
(2007); Colorado, USA (2006)
Yes Bolling et al. (2011); Tyler et al. (2011)
Cell fusing agent
(CFAV)
A. albopictus, A. aegypti, and
Culex spp.
Persistent cellular infection (laboratory
isolation, 1975); Puerto Rico (2002);
Mexico (2007)
Yes
Cook et al. (2006); Espinoza-Gomez et al. (2011);
Stollar and Thomas (1975)
Chaoyang (CV) A. vexans China (2008) Liu et al. (2011); Wang et al. (2009)
Culex ﬂavivirus
(CxFV)
C. quinquefasciatus Japan (2003); Indonesia (2003); Colorado,
USA (2006); Guatemala (2006); Iowa,
USA (2007);
Mexico (2007); Texas, USA (2008);
Trinidad (2008); Uganda (2008),
Yes
Blitvich et al. (2009); Cook et al. (2009);
Farfan-Ale et al. (2009); Hoshino et al. (2007); Kim
et al. (2009); Morales-Betoulle et al. (2008);
Saiyasombat et al. (2011)
Culex theileri
ﬂavivirus (CTFV)
C. theileri
Portugal (ca. 2009); Spain (ca. 2007) Calzolari et al. (2012); Parreira et al. (2012)
Czech Aedes
vexans ﬂavivirus
(Czech AeveFV)
A. vexans Czech Republic (2009) Calzolari et al. (2012)
Hanko virus
(HANKV)
A. caspiusb
Finland (2005) Huhtamo et al. (2012)
Kamiti River (KRV) A. mcintoshic Kenya (1999) Yes
Crabtree et al. (2003);
Lutomiah et al. (2007)
Lammi (LAMV) A. cinereusb Finland (2004) Huhtamo et al. (2009)
Marisma mosquito
(MMV)
A. caspius
Spain (2003) Vazquez et al. (2012)
Nakiwogo (NAKL) Mansonia africana nigerrima Uganda (2008) Cook et al. (2009)
Nouname´ (NOUV) Uranotaenia mashonaensis Coˆte d’Ivoire (2004) Junglen et al. (2009)
Ochleoratus
ﬂavivirus (OcFV)
A. caspius, A. detritus, A.
vexans, C. pipiens, C.
perexiguus, C. theileri
Italy (ca. 2007); Portugal (ca. 2007);
Spain (ca. 2007)
Calzolari et al. (2012)
Quang Binh (QBV) C. tritaeniorhynchus Vietnam (2002) Crabtree et al. (2009)
Spanish Culex
ﬂavivirus
(SCxFV)
C. pipiens and C. theileri
Spain (2006) Vazquez et al. (2012)
Spanish
Ochlerotatus
ﬂavivirus
(SOcFV)
A. caspius
Spain (2006) Yes Vazquez et al. (2012)
a Evidence of vertical transmission is limited, as the sex of the mosquitoes was not reported or mosquitoes were not sorted by sex in many of the published reports.
Thus, the number of viruses displaying evidence of vertical transmission is likely an underestimate.
b Aedes caspius and A. cinereus identiﬁcations are probable based on molecular identiﬁcation (Huhtamo et al., 2012; Huhtamo et al., 2009).
c Aedes mcintoshi was likely initially misidentiﬁed as A. macintoshi (Cook et al., 2009; Crabtree et al., 2003).
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nae of the granular endoplasmic reticulum, and often exhibited a
round shape (Fig. 1, thin arrow). Some cisternae also contained
smooth membrane structures, which are characteristic of cells
infected with ﬂaviviruses, or were elongated and contained long
membranous structures (Fig. 1, thick arrow).
The RNA sequence derived from RNA extracted from the third
serial passage in C6/36 cells conﬁrmed that the virus isolate,designated as AEFV-SPFLD-MO-2011-MP6, was a ﬂavivirus. Illum-
nia sequencing did not detect any additional RNA viruses within
the sample. The open reading frame of the AEFV-SPFLD-MO-
2011-MP6 isolate sequence exhibited a nucleotide and amino
acid identity of 98.4% and 99.1%, respectively, when compared to
the prototype AEFV Narita-21 strain isolated in Japan in 2003
(GenBank: NC_012932) (Hoshino et al., 2009). The AEFV-SPFLD-
MO-2011-MP6 isolate fell within the insect-speciﬁc lineage and
Table 2
Adult Aedes albopictus assayed by mosquito pools, pool totals, and passage history in Aedes albopictus C6/36 and African green monkey Vero cell cultures.*
Pool Sex Total Passage 1 C6/36 cell culture Passage 1 Vero cell culture Passage 2 C6/36 cell culture Passage 3 C6/36 cell culture Passage 3 Vero cell culture
1 # 5 — — — NT NT
2 # 5 — — — NT NT
3 # 5 — — — NT NT
4 # 5 — — — NT NT
5 # 5 — — — NT NT
6 # 5 Observed CPE Day 7 — Observed CPE Day 6 Observed CPE Day 6 —
7 # 5 — — — NT NT
8 # 4 — — — NT NT
9 ~ 5 — — — NT NT
10 ~ 5 — — — NT NT
11 ~ 5 — — — NT NT
12 ~ 5 — — — NT NT
13 ~ 5 — — — NT NT
14 ~ 5 — — — NT NT
15 ~ 3 — — — NT NT
CPE¼Cytopathic effects.
NT¼Not tested.
n Passage 1 C6/36 and 1 Vero cell cultures were inoculated from the corresponding mosquito pool homogenate. Passages 2 and 3 C6/36 cell cultures were inoculated from
the preceding C6/36 cell culture supernatant. Passage 3 Vero cell culture inoculum originated from the Passage 3 C6/36 cell culture supernatant.
Fig. 1. Electron micrograph of Aedes ﬂavivirus isolate AEFV-SPFLD-MO-2011-MP6
in the cytoplasm of a C6/36 cell. Virus is localized within cisternae of granular
endoplasmic reticulum (arrows). Small cisternae contain smooth membrane
structures, others are elongated and contain long membranous structures (thick
arrow). N¼host cell nucleus. Bar¼0.5 um.
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isolated from A. albopictus (Fig. 2). As described previously (Cook
et al., 2012), the insect-speciﬁc lineage containing the newly
sequenced AEFV-SPFLD-MO-2011-MP6 isolate as well as cell
fusing agent and Kamiti River virus is most divergent from the
tick-borne, no known vector, and mosquito-borne lineages.
Aedes albopictus, ﬁrst detected in the USA (Houston, Texas) in
1986, is an invasive mosquito capable of transmitting a variety of
arboviruses, and has a wide geographic distribution spanning
both temperate and tropical regions of North and South America
(Benedict et al., 2007; Gratz, 2004; Hawley, 1988). The initial
introduction is assumed to have been via immature stages that
were present in used tires shipped from Asia to the Port of
Houston (Sprenger and Wuithiranyagool, 1986). Following the
initial detection of A. albopictus in the USA, active surveillance was
initiated by the Centers for Disease Control and Prevention, state,
and local health departments. In 1986, A. albopictus was detected
in Jasper County, Missouri, USA. The eastern most boundary of
Jasper County is approximately 50 km from the western boundary
of Greene County, Missouri, the county where the mosquito
larvae infected with the present AEFV isolate were collected.It is unknown if the SPFLD-MO-2011-MP6 strain of AEFV
arrived with the 1986 establishment of A. albopictus in Southwest
Missouri or originated from a subsequent introduction of A.
albopictus mosquitoes. It is also possible that the virus infected
A. albopictus populations from a native North American mosquito
species after its arrival in North America. Based on our isolation of
AEFV from adult male mosquitoes reared from ﬁeld-collected
larvae and previous reports (Bolling et al., 2011; Bolling et al.,
2012; Cook et al., 2006; Espinoza-Gomez et al., 2011; Lutomiah
et al., 2007; Saiyasombat et al., 2011; Sang et al., 2003; Vazquez
et al., 2012) (Table 1) of other insect-speciﬁc ﬂaviviruses
isolated from adult male mosquitoes, larvae reared to adults, or
experimental studies, it seems likely that AEFV is vertically
transmitted in A. albopictus. Future sampling studies designed to
measure the minimum infection rate in nature are warranted.
The potential role that infection with AEFV has in enhancing or
interfering with infection and dissemination of other ﬂaviviruses
in mosquitoes is currently unknown. A recent case-control study
found that pools of Culex mosquitoes were four times more likely
to be co-infected with Culex ﬂavivirus and West Nile virus (WNV)
when compared to spatio-temporally matched WNV-negative
Culex pools in Chicago, Illinois, USA (Newman et al., 2011). The
authors suggested that their ﬁndings challenge the hypothesis
of superinfection exclusion (Farfan-Ale et al., 2009; Randolph and
Hardy, 1988; Tscherne et al., 2007), namely that one viral
infection can interfere with superinfection by a closely related
virus. If AEFV-infection enhanced the infection of mosquitoes by
other ﬂaviviruses, it would have wide-reaching epidemiological
implications for the transmission of human pathogenic viruses
such as dengue and yellow fever viruses. This question deserves
further investigation.
Further studies investigating the phylogenetic and evolution-
ary relationships of insect-speciﬁc or suspected insect-speciﬁc
ﬂaviviruses are also warranted, including their relationships to
Rabensburg virus, which may be an intermediate virus between
the insect-speciﬁc and mosquito-borne viruses (Aliota et al.,
2012). Presently, full genomic sequences are only available for
AEFV, cell fusing agent, Culex ﬂavivirus, Kamati River, Nakiwogo,
and Quang Binh viruses (Supplementary Table 1). Therefore,
genomic sequences from additional insect-speciﬁc viruses are
needed to provide a better understanding of the relationships
among the insect-speciﬁc ﬂaviviruses and clues to their evolution
(Table 1). Work is also needed to address the status of other
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Fig. 2. Maximum-likelihood phylogeny of representative viruses within the genus Flavivirus using complete open reading frame sequences. Lineages are indicated to the
right of the tree. Bootstrap values were 100% unless otherwise noted. Corresponding virus names, strain designations, and GenBank accession numbers may be found in
Supplementary Table 1.
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et al., 2011), Barkedji (presently uncharacterized), Lammi (Huhtamo
et al., 2009), and Nouname (Junglen et al., 2009) viruses. Although
these viruses group outside the insect-speciﬁc ﬂavivirus lineage
and are more closely related to the vertebrate pathogenic ﬂavi-
viruses, their in vitro characterization indicates they are primarily
or completely insect-speciﬁc ﬂaviviruses.
This study expands the known geographical range of AEFV to
North America, provides the ﬁrst electron micrographs of AEFV,
describes the ﬁrst reported attempt to infect an animal with an
AEFV isolate, and provides evidence that transmission and main-
tenance of AEFV likely occurs through vertical transmission.Materials and methods
Specimen collection, larval rearing, and species identiﬁcation
Mosquito larvae (1st, 2nd, and 3rd instar) were collected from
a birdbath located on the porch of a human residence in Spring-
ﬁeld (Greene County), Missouri, USA, on August 9, 2011. The
residence has a small (o1 acre) hardwood forest plot on land
adjacent to the collection site. Larvae were transferred to the
University of Texas Medical Branch where they were reared to
adults. Brieﬂy, mosquito larvae were reared in pans containing
water and a 1:1 ratio of crushed TetraMin ﬁsh ﬂakes (TetraWerke, Melle, Germany) and Prolab RMH 2500 rodent diet
(LabDiet: Purina Mills International, Richmond, IN, USA). Envir-
onmental conditions maintained during mosquito rearing
included a 12:12 (12 h light to 12 h dark) lighting regime at a
temperature of 26 1C with 70% relative humidity. Following pupal
eclosion, adults were identiﬁed as A. albopictus (Darcie and
Ward, 2005), sorted by sex, and grouped (nr5) into 16 pools
(Table 2).
Homogenate preparation, cell culture, virus isolation, and infectivity
in newborn mice
Pools of adult mosquitoes were placed into 2.0-ml tubes
containing 1 ml of Dulbecco’s Modiﬁed Eagle Medium (Gibco,
Carlsbad, CA, USA) supplemented with 20% fetal bovine serum
(vol/vol), 100 U/ml of penicillin, 100 mg/ml of streptomycin, and
0.5 mg/ml amphotericin B (Sigma-Aldrich, St. Louis, MO, USA) and
were homogenized using a steel BB and a Qiagen mixermill
(Qiagen, Valencia, CA, USA). The homogenates were ﬁltered using
33 mm Milipore Milex ﬁlters (0.22 mm) with Millipore Express
Plus Membranes (Millipore, Billerica, CA, USA) and transferred to
sterile 2.0-ml tubes. Then 200 ml of the ﬁltered homogenate were
inoculated into 12.5 cm2 tissue culture ﬂasks containing conﬂuent
monolayers of A. albopictus cells (C6/36; ATCC #CCL-1660)
maintained at 29 1C and African green monkey kidney cells
(Vero; ATCC #CCL-81) maintained at 37 1C. Cell cultures were
A.D. Haddow et al. / Virology 440 (2013) 134–139138maintained in total volume of 5 ml of media (Dulbecco’s Modiﬁed
Eagle Medium supplemented with 2% (vol/vol) fetal bovine serum
(FBS), 100 U/ml of penicillin, 100 mg/ml of streptomycin, and
0.5 mg/ml amphotericin B). C6/36 culture media was also supple-
mented with 0.1 mM non-essential amino acids, 1.0 mM sodium
pyruvate, and 1% tryptose phosphate broth (vol/vol) (Sigma-
Aldrich). Cultures were checked daily for the presence of CPE;
C6/36 cell cultures were examined for at least 8 days and Vero cell
cultures were examined for 14 days. Supernatant from each of the
previous C6/36 cell cultures was inoculated (200 ml of super-
natant harvested on day 8) into new C6/36 cell cultures (Passage
2) (Table 2). Subsequently, supernatant (200 ml) from the single
C6/36 culture displaying CPE, was inoculated into new C6/36 and
Vero cell cultures (Passage 3). All cultures tested that did not
exhibit CPE were considered negative. Newborn mice (n¼10)
were inoculated intracerebrally with 20 ml of infected C6/36 cell
culture supernatant (third serial passage in C6/36 cells). Mice
were observed daily for 14 days post inoculation for signs of
illness or death.
Transmission electron microscopy
Transmission electron microscopy was used initially to con-
ﬁrm the presence of virus in cultures (third serial passage) of
C6/36 cells (Popov et al., 1995). For ultrastructural analyses,
infected cells were ﬁxed for at least 1 h in a mixture of 2.5%
formaldehyde prepared from paraformaldehyde powder, and
0.1% glutaraldehyde in 0.05 M cacodylate buffer pH 7.3 to which
0.03% picric acid and 0.03% CaCl2 were added. The cell monolayers
were washed in 0.1 M cacodylate buffer; then cells were scraped
from the ﬂask surface and pellets were post-ﬁxed in 1% OsO4 in
0.1 M cacodylate buffer pH 7.3 for 1 h, washed with distilled
water, and en bloc stained with 2% aqueous uranyl acetate for
20 min at 60 1C. The stained pellets were dehydrated in ethanol,
processed through propylene oxide, and embedded in Poly/Bed
812 (Polysciences, Warrington, PA, USA). Ultrathin sections were
cut on Leica EM UC7 ultramicrotome (Leica Microsystems, Buffalo
Grove, IL, USA), stained with lead citrate, and examined in a
Philips 201 transmission electron microscope at 60 kV.
RNA extraction, Illumina sequencing, and sequence analyses
RNA was extracted from cell culture supernatant (third serial
passage, C6/36 cells) using the QIAamp Viral RNA Kit (Qiagen).
RNA (3.6 mg) was then fragmented by incubation at 94 1C for
8 min in 19.5 ml of fragmentation buffer (Illumina Inc., San Diego,
CA, USA, Part 15016648). First and second strand cDNA synthesis,
adapter ligation and ampliﬁcation of the library were performed
using the Illumina TruSeq RNA Sample Preparation kit (Illumina
Inc.) under conditions prescribed by the manufacturer. The ﬁnal
concentration of the library was determined using a Nanodrop
spectrophotometer (Thermo Scientiﬁc, Waltham, MA, USA) and
the fragment size of the library was assessed using a DNA 1000
chip and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). A qPCR analysis was then performed to determine
the template concentration of the library. Cluster formation of
the library DNA templates was performed using the Illumina
TruSeq PE Cluster Kit v3 and the Illumina cBot workstation, using
conditions recommended by the manufacturer. Paired end 50
base sequencing by synthesis was performed using TruSeq SBS kit
v3 (Illumina Inc.) on an Illumina HiSeq 1000, using protocols
deﬁned by the manufacturer. Cluster density per lane was
198 k/mm2 and post ﬁlter reads were 46.5 million. Base call
conversion to sequence reads was performed using CASAVA-1.8.2
(Illumina Inc.). Reads were initially ﬁltered against the A. aegypti
genome (AaegL1) using Bowtie 2.0 (Langmead et al., 2009).Viral genomic assembly was performed using SeqMan Lasergene
software (DNASTAR, Madison, WI, USA). Blast analysis (NCBI)
was used to conﬁrm the identity of the viral sequence and to
estimate the percent nucleotide sequence identity with related
strains (Altschul et al., 1990).
Phylogenetic analyses
Sequences of Flavivirus genus open reading frames (ORF)
were obtained from the NIAID Virus Pathogen Database and
Analysis Resource (ViPR) online at /http://www.viprbrc.orgS
(Pickett et al., 2012) (Supplementary Table 1). Sequence align-
ments using AEFV-SPFLD-MO-2011-MP6 and 65 other ﬂavivirus
ORFs were made using the MUltiple Sequence Comparison by
Log-Expectation (MUSCLE) algorithm available through ViPR
(Edgar, 2004a; Edgar, 2004b). Phylogenies were generated using
the neighbor-joining method available in SeaView version 4
(Gouy et al., 2010) and by maximum-likelihood methods using
the ATCG South of France Bioinformatics Platform online at
/http://www.atgc-montpellier.fr/S (Gascuel, 1997). Phylogenies
were midpoint rooted. Robustness of the neighbor-joining and
maximum-likelihood phylogenies was evaluated by resampling
with 1000 and 100 bootstrap replicates, respectively, and hori-
zontal branches were scaled according to the number of nucleo-
tide substitutions per site.Acknowledgments
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